The V-Ti alloys are promising materials as alternate to the commercial Nb-based superconductors for high currenthigh magnetic field applications. However, the critical current density (Jc) of these alloys are somewhat low due to their low grainboundary density. We show here that grain refinement of the V-Ti alloys and enhancement of the Jc can be achieved by the addition of Gd into the system, which precipitates as clusters along the grain boundaries. Both the Jc and the pinning force density ( ) increase with the increasing Gd content up to 1 At. % Gd, where they are more than 20 times higher than those of the parent V0.60Ti0.40 alloy. Introduction of Gd into the system also leads to ferromagnetic (FM) correlations, and the alloys containing more than 0.5 At. % Gd exhibit spontaneous magnetization. In spite of the FM correlations, the superconducting transition temperature increases slightly with Gd-addition.
I. INTRODUCTION
HE V-Ti alloys are considered to be promising materials as an alternate to Nb-based superconductors for high field applications and in the neutron radiation environment [1] . They are machinable and have high upper critical field (Hc2(0)) [1, 2] . Our previous studies reveal that though the grain boundaries pin the flux lines in these alloys, their is still lower than the commercial superconducting wires [3, 4] . The average grain size in these alloys is found to vary from few hundred µm to few mm [4] . Thus, reducing the grain size may enhance the of these alloys. The rare earth elements being immiscible to the body centered cubic (bcc) transition metals [5] , the addition of Gd in the V-Ti alloys can enhance the critical current density through grain refinement. Gd being magnetic, the may be further enhanced due to magnetic pinning [6] . Therefore, we have added Gd and studied its effect on the grain size and of the V0.60-xTi0.40Gdx alloys. We find that the grain size reduces with increasing x, which results in the enhancement of the and by more than an order of magnitude in fields up to 6 T. The addition of Gd into the system also introduces FM correlations.
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II. RESULTS AND DISCUSSIONS
The V0.60-xTi0.40Gdx (x = 0, 0.005, 0.01, 0.02) alloys were prepared by argon-arc-melting of the constituent elements (purity > 99.8%) [3] . Distinct peaks corresponding to both V0.60Ti0.40 and Gd were observed in the X-ray diffraction patterns of the alloys containing Gd. Metallography and energy dispersive spectroscopy [EDS, using Nova NanoSEM 450 (FEI Company, USA)] reveal that Gd precipitates as clusters (marked by the arrow in Fig. 1 ) aligned along the grain boundaries, while the grain size reduces by more than an order of magnitude after the addition of Gd. The critical current density ( of these alloys were estimated using the formula in the Bean's critical state model [8] . Fig. 2(c) and (d) respectively show the field dependence of and pinning force density ( = × ) [9] at 4 K. We see that both and increase by more than an order of magnitude for x = 0.01, which has the maximum and among the present alloys. In spite of this enhancement, the is still an order of magnitude lower than the commercial NbTi superconductors. The behavior may be understood using the Dew-Hughes model [10] , where the normalized pinning force density
, and " and # depend on the type of the pinning mechanism [9, 10] . The ℎ curves exhibit a single peak structure as indicated in Table 1 [10] . Thus the multiple shoulder structure of the curves of Fig. 2(d) indicate the presence of more than one flux line pinning mechanisms, and this is depicted more clearly in Fig. 3(a) . In this latter figure, the experimental ℎ curves (data points) of the present alloys at 4 K are plotted along with the relevant theoretical [10] lines explained in Table 1 . In this table κ is the Ginzburg-Landau parameter and ∆κ refers to the change of superconducting properties due to metallic pinning centers influenced by proximity effect of the superconducting matrix [10] . In Fig. 3(a) , the theoretical lines 2 and 3 respectively represent flux line pinning due to the grain boundaries and dislocations [4, 10] . It is observed in this figure that the role of point defects and dislocations are quite significant in pinning the flux lines in the x = 0 alloy. The situation, however, changes with Gd addition, and for the x = 0.01 alloy, the grain boundaries are the major pinning centers. This is consistent with the Kramer plots ( $ ⁄ $% ⁄ vs. H plots) [11] shown in Fig. 3(b) , for " = 0.5 and # = 2, which are for flux line pinning due to the grain boundaries. The linearity in the Kramer plot for x = 0 is observed from 1-4.6 T fields. The field regime over which the Kramer plot shows linearity increases with Gd addition and for x = 0.01, the Kramer plot is linear from 0.8-6.2 T. This shows that the field regime over which the flux line pinning due to the grain boundaries dominates, increases with the addition of Gd. This is also consistent with our metallography results, where we observe an increase in the grain boundary density (smaller grains) with increasing Gd content. Beyond x = 0.01, the flux line pinning mechanisms are probably affected by the larger size Gd clusters and stronger FM correlations. We recall here that our previous studies show that the V-Ti alloys have itinerant spin fluctuations that suppress the Tc to about half its theoretically estimated value [12] . The FM clusters of Gd mentioned above might affect the coherence of the spin fluctuations, and this might be the reason for the slight enhancement of the Tc with Gd addition.
III. CONCLUSION
Our results show that the addition of Gd in the V0.60Ti0.40 alloy is effective in grain refinement, which leads to the enhancement of . The and FP are the maximum for the alloy with 1 At. % Gd, where they are more than 20 times higher than the parent V0.60Ti0.40 alloy. Apart from this promising route for the enhancement of in the V-Ti alloys, our study shows that in spite of the FM correlations introduced in the system due to the addition of Gd there is a slight enhancement of the Tc.
